Abstract-Multiple transmit and receive antennas can be used to form multiple-input multiple-output (MIMO) channels to increase the capacity by a factor of the minimum number of transmit and receive antennas. In this paper, orthogonal frequency division multiplexing (OFDM) for MIMO channels (MIMO-OFDM) is considered for wideband transmission to mitigate intersymbol interference and enhance system capacity. The MIMO-OFDM system uses two independent space-time codes for two sets of two transmit antennas. At the receiver, the independent space-time codes are decoded using prewhitening, followed by minimumEuclidean-distance decoding based on successive interference cancellation. Computer simulation shows that for four-input and four-output systems transmitting data at 4 Mb/s over a 1.25 MHz channel, the required signal-to-noise ratios (SNRs) for 10% and 1% word error rates (WER) are 10.5 dB and 13.8 dB, respectively, when each codeword contains 500 information bits and the channel's Doppler frequency is 40 Hz (corresponding normalized frequency: 0.9%). Increasing the number of the receive antennas improves the system performance. When the number of receive antennas is increased from four to eight, the required SNRs for 10% and 1% WER are reduced to 4 dB and 6 dB, respectively. Therefore, MIMO-OFDM is a promising technique for highly spectrally efficient wideband transmission.
I. INTRODUCTION
H IGH DATA-RATE wireless access is demanded by many applications. Traditionally, more bandwidth is required for higher data-rate transmission. However, due to spectral limitations, it is often impractical or sometimes very expensive to increase bandwidth. In this case, using multiple transmit and receive antennas for spectrally efficient transmission is an alternative solution. Multiple transmit antennas can be used either to obtain transmit diversity, or to form multiple-input multiple-output (MIMO) channels.
Many researchers have studied using multiple transmit antennas for diversity in wireless systems. Transmit diversity may be based on linear transforms [1] or space-time coding [2] . In particular, space-time coding is characterized by high code efficiency and good performance; hence, it is a promising technique to improve the efficiency and performance of orthogonal frequency division multiplexing (OFDM) systems. On the other hand, the system capacity can be significantly improved if multiple transmit and receive antennas are used to form MIMO channels [3] - [6] . It is proven in [4] that, compared with a single-input single-output (SISO) system with flat Rayleigh fading or narrowband channels, a MIMO system can improve the capacity by a factor of the minimum number of transmit and receive antennas. For wideband transmission [7] , space-time processing must be used to mitigate intersymbol interference (ISI). However, the complexity of the space-time processing increases with the bandwidth, and the performance substantially degrades when estimated channel parameters are used [8] .
In OFDM [9] - [11] , the entire channel is divided into many narrow parallel subchannels, thereby increasing the symbol duration and reducing or eliminating the ISI caused by the multipath. Therefore, OFDM has been used in digital audio and video broadcasting in Europe [12] , and is a promising choice for future high-data-rate wireless systems. Multiple transmit and receive antennas can be used with OFDM to further improve system performance. We have studied OFDM systems with adaptive antenna arrays for co-channel interference suppression [13] and transmit diversity based on space-time coding, delayed transmission, and permutation [14] - [16] . In particular, a channel parameter estimator for OFDM systems with multiple transmit antennas was proposed in [14] and simplified in [16] . Optimum training sequences for OFDM with multiple transmit antennas were also proposed in [16] .
In this paper, we study multiple transmit and receive antennas for OFDM to form MIMO channels (MIMO-OFDM). Our focus here is enhanced channel estimation and signal detection. The rest of this paper is organized as follows. In Section II, we introduce MIMO-OFDM systems based on space-time coding and briefly discuss wireless channel characteristics. We then present signal detection and decoding techniques for MIMO-OFDM systems in Section III. Next, in Section IV, we introduce an enhanced channel estimation technique and analyze its performance. Finally, we demonstrate the performance of MIMO-OFDM systems using our new techniques by computer simulation in Section V.
II. MIMO-OFDM OVER WIRELESS CHANNELS
Before introducing the signal detection and enhanced channel estimation technique, we briefly describe a MIMO-OFDM system and the statistics of mobile wireless channels. 
A. MIMO-OFDM Systems
A MIMO-OFDM system with four transmit and receive antennas is shown in Fig. 1 . Though the figure shows MIMO-OFDM with four transmit antennas, the techniques developed in this paper can be directly applied to OFDM systems with any number of transmit antennas.
At time , each of two data blocks, for 1 and 2, is transformed into two different signals, for 1 and 2, respectively, through two space-time encoders. The OFDM signal for the th transmit antenna is modulated by at the th tone of the th OFDM block.
From the figure, the received signal at each receive antenna is the superposition of four distorted transmitted signals, which can be expressed as (1) for . in (1) denotes the additive complex Gaussian noise at the th receive antenna, and is assumed to be zero-mean with variance and uncorrelated for different 's, 's, or 's.
in (1) denotes the channel frequency response for the th tone at time , corresponding to the th transmit and the th receive antenna. The statistical characteristics of wireless channels are briefly described in Section II-B.
The input-output relation for OFDM can be also expressed in vector form as To achieve transmit diversity gain and detect the transmitted signal, a space-time processor must extract the required signals for space-time decoders. Note that both the space-time processor and space-time decoding require channel state information.
B. Channel Statistics
From [20] , the complex baseband representation of a mobile wireless channel impulse response can be described by (3) where is the delay of the th path, is the corresponding complex amplitude, and is the shaping pulse. Due to the motion of the vehicle, the 's are wide-sense stationary (WSS), narrowband complex Gaussian processes, which are independent for each path. The average powers of the 's depend on the channel delay profiles, which are determined by the environment. The channels corresponding to different transmit and receive antennas in MIMO systems usually have the same delay profiles.
From (3), the frequency response at time is (4) where For OFDM systems with proper cyclic extension and timing, it can be seen from discussions in [17] that, with tolerable leakage, the channel frequency response can be expressed as (5) In (5), , , and is the number of tones in an OFDM block. and are the block length and tone spacing, respectively, and is the symbol duration of OFDM, which is related to by . In (5), the 's, for , are WSS, narrowband complex Gaussian processes. The average power of and index depend on the delay profiles of the wireless channels.
III. SIGNAL DETECTION
In this section, we will present techniques for signal detection, including spatial prewhitening and successive interference cancellation for minimum Euclidean distance (MED) decoding.
A. Spatial Prewhitening for MED Decoding
When a system has multiple inputs or interferers, joint detection of the multiple inputs or users is optimal. However, joint detection is subject to forbidding computational complexity. For example, if the two space-time codes in Fig. 1 have 16 states, then the complexity of the joint decoding is about 16 times that of of decoding the two space-time codes separately. In [18] , we have studied the tradeoff between the complexity and performance of different space-time codes. Here we focus on spatial prewhitening for MED decoding for MIMO-OFDM to reduce detection complexity while maintaining reasonable performance.
Instead of the joint detection of the data blocks, and , the coded signals for are treated as interferers when detecting and decoding . From (2), the received signal can be expressed as (6) where is spatially correlated; therefore, a prewhitening processor is required for the MED decoder. Denote which is obviously positive definite. Thus, there exists a nonsingular matrix, , satisfying
and then can whiten . Multiplying both sides of (6) by , we obtain
where Since is spatially and temporally white now, the decoding approach in [14] can be used here. It is equivalent to finding the transmitted data, , that minimizes the following Euclidean distance: (8) Similar to [14] and [15] , the Viterbi algorithm is used for the MED decoding.
Note that can be also expressed as
From [21] , is the weight matrix for minimum mean-square error (MMSE) restoration of , which can suppress the interferer . After MMSE restoration, the correlation matrix of the residual interferers and noise is (10) Hence, in (9) whitens the residual interferers and noise. Therefore, the prewhitening processing for the MED decoder is composed of MMSE restoration of the desired signals, followed by whitening of the residual interferers and noise.
Furthermore, if and are assumed to be uncorrelated and Gaussian, then is also Gaussian. In this case, MED decoding is maximum-likelihood (ML) decoding.
B. Successive Interference Cancellation (SIC)
Previously, we have introduced prewhitening for Viterbi decoding of the space-time codes for MIMO-OFDM. The coded signals, and , for the second data block, , are treated as interference when decoding the first data block. If SIC, as has been proposed for the code-division multiple-access (CDMA) or single-carrier systems, is used here, then system performance can be improved significantly. For MIMO-OFDM systems, SIC can be based on either cyclic redundancy check (CRC) codes or signal quality.
1) SIC Based on CRC:
If CRC codes are used for automatic request for repeat (ARQ), then the same codes can be also used for SIC.
We first decode two data blocks, for 1, 2, using the prewhitening approaches introduced before. If the CRC codes in the data blocks find decision errors in one data block and no errors in the other data block, then the coded signals for the correct data block can be regenerated at the receiver and removed from the received signal. Consequently, cleaner signals (without interference from the correct signal) can be used to redetect and decode the data block that had errors before, which will now have much better performance.
2) SIC Based on Signal Quality:
For systems without CRC codes, it is usually unknown if the decoded data block is correct. Similar to single-carrier MIMO systems, we can first detect and decode the data block corresponding to the signal with higher quality, e.g., lower MMSE, and then remove it from the received signal for detection and decoding of the other data blocks.
The SIC approaches are slightly more complicated than the prewhitening MED decoding approach. However, the complexity increase of the SIC approaches is negligible, compared with the Viterbi decoder.
IV. ENHANCED CHANNEL ESTIMATION
In [14] and [16] , we proposed a decision-directed channel parameter estimator and optimum training sequences for OFDM with multiple transmit antennas. These techniques can be directly used in MIMO-OFDM systems. Furthermore, for MIMO-OFDM systems where many independent channels with the same delay profile are involved, the channel delay profiles can be more accurately estimated. By exploiting this estimated channel delay profile, channel parameter estimation can be further improved.
From [14] and [16] , in (5) can be estimated using the correlation of channel parameters in the time and frequency domains. With , the estimated , the channel frequency response can be reconstructed by (11) where contains the true channel parameter, , and an estimation error, , that is (12) From [16] , can be assumed to be Gaussian with zero-mean and variance , and independent for different 's, 's, 's, or 's. If we measure the parameter estimation quality by means of normalized mean-square error (NMSE) which is defined as NMSE then it can be calculated directly that the NMSE for the estimation in (11) is NMSE (13) where we have used the assumption that with . If the channel delay profile is known, that is, for is known and is used to reconstruct channel frequency response from , the mean-square error (MSE) of can be significantly reduced. In this case, if the 's are selected to minimize the NMSE of (14) then it can be proven by direct calculation that the optimal is (15) and the NMSE is NMSE (16) As indicated in [19] , channel delay profiles depend on the environment, and therefore are usually unknown to the users. However, for MIMO-OFDM systems, channels corresponding to different transmit or receive antennas should have the same delay profiles. Therefore, can be estimated by With the estimated , enhanced channel frequency responses can be reconstructed by (14) .
In the previous discussion, we have assumed that the additive noise is white with known variance. If the noise is colored, then noise whitening is required before the channel estimation. The performance of the enhanced estimator is not sensitive to the noise variance in (15); therefore, we usually just set corresponding to a 10-dB signal-to-noise ratio (SNR).
V. PERFORMANCE EVALUATION THROUGH SIMULATION
In this section, we demonstrate the performance of MIMO-OFDM systems through computer simulation. First, we briefly describe the simulated OFDM system.
A. System Parameters
In our simulation, we use the typical urban (TU) and the hilly terrain (HT) delay profiles [14] with Doppler frequencies of 5, 40, 100, and 200 Hz, respectively. The additive channel noise is spatially and temporally white Gaussian with zero-mean, and the variance determined by the SNR. The channels corresponding to different transmit or receive antennas have the same statistics. Four transmit antennas and different numbers of receive antennas are used to form a four-input multiple-output OFDM system.
To construct an OFDM signal, we assume the entire channel bandwidth, 1.25 MHz, is divided into 256 subchannels. The two subchannels on each end are used as guard tones, and the rest (252 tones) are used to transmit data. To make the tones orthogonal to each other, the symbol duration is about 204.8 /s. An additional 20.2 /s guard interval is used to provide protection from ISI due to channel multipath delay spread. This results in a total block length /s and a subchannel symbol rate kBd. A 16-state space-time code with four-phase-shift keying (PSK) is used. Each data block, containing 500 information bits, is coded into two different blocks, each of which has exactly 252 symbols, to form an OFDM block. Therefore, the OFDM system with four transmit antennas can transmit two data blocks (1000 bits in total) in parallel. Each time slot consists of ten OFDM blocks, with the first block used for training and the following nine blocks used for data transmission. Consequently, the described system can transmit at 4 Mb/s over a 1.25 MHz channel, i.e., the transmission efficiency is 3.2 b/s/Hz.
B. Results
We first study the performance of a MIMO-OFDM system with ideal channel parameters using different techniques to improve the system performance. Fig. 2 shows the performance of MIMO-OFDM with different channel delay profiles, number of receive antennas, and detection techniques. Fig. 2(a) compares the WERs for different detection techniques. From the figure, SIC based on CRC and signal quality (MMSE) can reduce the required SNR for a 10% WER by 2.5 and 1.8 dB, respectively. All the performance curves in Fig. 2(a) are for OFDM with four transmit and four receive antennas. With more receive antennas, the performance is improved, as shown in Fig. 2(b) . In particular, if the number of receive antennas is increased from four to six, the OFDM system requires 4 dB lower SNR. Fig. 3 compares the performance of MIMO-OFDM systems with ideal and estimated channel parameters for different channels with a 40-Hz Doppler frequency. From Fig. 3(a) , the MSE of the enhanced channel estimator is about 1.5 dB better for the TU channels, and 1 dB better for the HT channels, than the original estimator introduced in [14] . Consequently, in Fig. 3(b) , the required SNR for a 10% WER for the enhanced channel estimator is about 0.4 dB better than the original channel estimator. However, compared with the systems with ideal channel parameters, there is still a 1.6 dB gap. Fig. 4 compares the performance of OFDM systems with different Doppler frequencies. With higher Doppler frequency, the channel estimation error increases. Therefore, the system suf- fers more degradation. For a MIMO-OFDM system with four transmit and four receive antennas, the required SNR for a 10% WER is degraded by 2.4 dB when the Doppler frequency is increased from 40 Hz to 100 Hz. However, with more receive antennas, the degradation is reduced. It is only about 0.4 dB with eight receive antennas.
VI. CONCLUSIONS
OFDM is an effective technique to combat multipath delay spread for wideband wireless transmission. In this paper, OFDM with multiple transmit and receive antennas has been used to form a MIMO system to increase system capacity. A prewhitening technique for MED decoding, and SIC techniques based on different rules, have been proposed. Using these techniques in a four-input, four-output OFDM system, the net data transmission rate can reach 4 Mb/s over a 1.25 MHz wireless channel, with a 10-11 dB SNR required for a 10% WER, depending on the radio environment and signal detection technique for word lengths up to 500 bits. Therefore, MIMO-OFDM can be effectively used in high-data-rate wireless systems.
Future work will include a comparison of different MIMO-OFDM architectures with and without space-time coding, and developing a channel estimator for high mobility wireless communications.
